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Abstract

Transgenic plums containing the plum pox potyvirus coat protein (PPV-CP) gene were inoculated with PPV. Infec-
tion was monitored by evaluating symptoms, ELISA, and IC-RT-PCR. Transgenic clone C5 was highly resistant
to PPV during four years of testing and displayed characteristics typical of post-transcriptional gene silencing
(PTGS), including a high level of transgene transcription in the nucleus, low levels of transgene mRNA in the
cytoplasm, a complex multicopy transgene insertion with aberrant copies, and methylation of the silenced PPV-CP
transgene. The PPV-CP transgene was also methylated in seedlings of C5 and these seedlings were resistant to
PPV. Our results show, for the first time, that PTGS functions as a mechanism for virus resistance in a woody
perennial species.

Introduction

Virus diseases of tree fruits, including plum pox or
sharka virus (PPV) ofPrunus, cause extensive eco-
nomic losses (Németh, 1994). Control of tree fruit
virus diseases has been through the control of insect
or nematode vectors, sanitation and quarantine. While
the use of resistant germplasm for developing virus
resistant cultivars is a preferred method of control,
there are few, if any, sources of resistance to most tree
fruit viruses. The transformation of plants with viral
genes, such as coat protein (CP), can provide novel
virus resistant varieties or gene resources for breeding
new resistant varieties. Transgenic plants expressing
viral genes have been shown to exhibit varying de-
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grees of resistance to viruses homologous or closely
related to the source of the transgene (Beachy et al.,
1990). Studies of viral transgene-mediated resistance
have shown that resistance may either be mediated
through the production of transgene protein (Wilson,
1993) or RNA-mediated. RNA-mediated resistance
may take the form of post-transcriptional gene si-
lencing (PTGS) wherein mRNA is degraded in the
cytoplasm soon after synthesis (Dehio & Schell, 1994;
Tanzer et al., 1997). PTGS has been associated with
multiple transgene copies, particularly direct repeats
of the transgene coding region (Dehio & Schell, 1994;
Sijen et al., 1996), truncated or antisense copies of the
transgene insert (Stam et al., 1997; Waterhouse et al.,
1998; Kohli et al., 1999), methylation of the coding
region (Ingelbrecht et al., 1994; English et al., 1996;
Davies et al., 1997; Guo et al., 1999; Jones et al., 1999;
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Kohli et al., 1999; Sonada et al., 1999), a low level
of RNA accumulation in the cytoplasm, and RNA
accumulation in the nucleus higher than or equal to
susceptible transgenics (Dehio & Schell, 1994; Kunz
et al., 1996; Tanzer et al., 1997). PTGS may require
‘meiotic resetting’ or reinitiation of the mechanism
after each generation (Dehio & Schell, 1994; Kunz
et al., 1996; Balandin & Castresana, 1997; Tanzer
et al., 1997). Grafting experiments have shown that
PTGS plants may produce a systemic signal that can
interact with homologous native genes or transgenes
to produce the PTGS state. Non-PTGS plants contain-
ing sequences homologous to the PTGS sequence can
become silenced when grafted onto a PTGS stock but
revert to a non-silenced state when they are removed
from the PTGS stock and are grafted onto non-PTGS
plants (Palauqui et al., 1997; Palauqui & Vaucheret,
1998).

These observations have formed the basis for sev-
eral models that have been extensively reviewed and
discussed (Dougherty & Parks, 1995; Baulcombe,
1996; Sijen et al., 1996; Wassenegger & Pélissier,
1998; Depicker & Van Montagu, 1997; Carrington &
Whitham, 1998).

Most of the research on viral gene-mediated pro-
tection, and essentially all of the work on PTGS have
been reported from herbaceous systems. To our know-
ledge, PTGS has not been reported in woody perennial
plant species. We previously reported the development
of transgenic plums expressingPPV-CPgenes. Plum
trees with different transgene copy numbers were pro-
duced (Scorza et al., 1994). In particular, transgenic
clone C5, which contained a multicopy transgene in-
sertion, produced a low level of CP mRNA and no
detectable CP while other clones that contained single
or multiple copies produced both mRNA and CP.
When inoculated with PPV clone C5 was highly resist-
ant (Ravelonandro et al., 1997). The multicopy nature
of the insert in C5, the low level of accumulated CP
mRNA and the lack of CP protein suggested a PTGS
mechanism of resistance.

In this paper we report on the mechanism of PPV
resistance shown by transgenic clone C5. Nuclear
transcription assays demonstrated that transcription
rates of transgene PPV-CP in C5 were high. We
found that clone C5 contains a complex arrangement
of transgene copies that includes the entire construct
cassette and aberrant copies. The PPV-CP transgene
insert in this line is methylated. Seedlings carrying the
C5 insert, like the C5 parent, displayed CP transgene
methylation, and exhibited a high level of resistance to

PPV. Our results show for the first time, to our know-
ledge, that PTGS functions to induce and maintain
virus resistance in a woody perennial.

Materials and methods

Transgenic plum lines

Transgenic plum clones C3–C6 used in this study were
described previously (Scorza et al., 1994; Ravelon-
andro et al., 1997). Clone PT6 was produced in the
same manner as the C-series of clones. It contains two
copies of the CP insert, expresses moderate levels of
CP-mRNA and CP. Clone PT23, derived from trans-
formation with the plasmid pGA482GG (Fitch et al.,
1990; Ling et al., 1991), contains the vector marker
genes without the PPV-CP insert.

Plant culture conditions

Buds from transgenic plants were grafted onto seed-
ling rootstocks derived either from ‘Rutgers Redleaf’
peach (P. persica) or ‘Bluebyrd’ plum (P. domestica).
Grafted plants were cultured in a greenhouse main-
tained at 22–24◦C with an 18-h day length provided by
a mix of natural and supplemental high intensity light-
ing. To provide cold-induced dormancy (CID), plants
were pruned to approximately 0.75 m in height, leaves
were removed and plants were maintained at 5◦C, 15-
h dark, 9-h low light/24 h for two months in a growth
chamber (CONVIRON, Asheville, NC).

Inoculation with PPV

Each test plant was inoculated five to eight months
following the initial graft of the transgenic plum onto
peach or plum rootstock by grafting two buds from
a P. tomentosainfected with PPV strain M obtained
from INRA (Bordeaux, France). One bud was inser-
ted into the transgenic scion and the other into the
non-transformed rootstock. Infection of the inoculum
source was verified by ELISA of each budstick from
which inoculum buds were excised. A total of 6–9
inoculated plants per clone were produced (except in
the case of PT6-1 where four plants were inoculated).
Inoculum buds were allowed to grow and produce
shoots on inoculated plants. The shoots that developed
from these inoculum buds were evaluated for symp-
toms, and if none were visible, ELISAs were per-
formed. When root suckers (adventitious shoots from
roots) developed from the seedling plum rootstocks
(root suckers do not develop from peach rootstocks)
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these were evaluated for infection through symptom
expression or by ELISA.

Visual evaluation of PPV symptoms

The development of visual symptoms of PPV infec-
tion, as described by Damsteegt et al. (1997), was
periodically monitored beginning at 30 days post in-
oculation. Symptoms were scored on a scale of zero
(no symptoms) to four (severe, including leaf nec-
rosis).

Bio-evaluation of PPV

In order to evaluate the presence of PPV in symp-
tomless or ELISA negative plants, two buds each
from healthy, non-transformed, PPV susceptibleP. to-
mentosaandP. domesticawere grafted onto test plants
21 months post-inoculation. Shoots were allowed to
grow from these buds. Evaluation of PPV symptoms
and ELISA were carried out on leaves from these
shoots.

ELISA detection

Leaves from inoculum sources and from inoculated
plants were assayed by indirect triple-antibody sand-
wich TAS-ELISA (Ravelonandro et al., 1997). ELISA
did not detect the presence of transgene-produced
PPV-CP in any of the non-PPV-inoculated PPV-CP
transgenic clones.

DNA isolation

Leaves for DNA extraction were collected and frozen
in liquid nitrogen. DNA was extracted using a 10-
fold scale-up of the procedure described by Kobayashi
et al. (1998) with the addition of an RNase A treat-
ment (Maniatis et al., 1982). RNA for RT-PCR was
extracted using a PureScript RNA isolation kit (Gentra
Systems Inc., Minneapolis, MN).

DNA hybridization

Restriction digestions were performed using 10 units
of enzyme to digest 10µg of DNA in the appro-
priate reaction buffer at 37◦C. Agarose gels ran-
ging from 0.8 to 1.4% were used to resolve frag-
ments depending on expected fragment sizes. DNA
was transferred to membranes and hybridized as per
manufacturer’s directions using the chemiluminescent
digoxigenin (DIG) detection system (Roche Molecu-
lar Biochemicals, Indianapolis). Hybridization probes

were generated by incorporating DIG-dUTP, as per
manufacturer’s directions during PCR, using gene-
specific primers with plasmid pGA482GG/PPV-CP-
33 (Scorza et al., 1994) as a template. Probes for
DNA hybridization in Figure 6 were produced as de-
scribed by Scorza et al. (1995). The primers and
PCR conditions used to generate the 1.0 kbp PPV-
CP fragment were described by Scorza et al. (1994).
The 1.1 kbpnptII and 0.8 kbpgusA fragments were
described by Scorza et al. (1995). The primer se-
quences for the CaMV 35S promoter probe were
(5′) 5′-GATGGTTAGAGAGGCTTACGC-3′ and (3′)
5′-CGCAATGATGGCATTTGTAGG-3′.

Polymerase chain reaction (PCR)

PCR to evaluate methylation was performed on the
digested DNA used for the DNA-blot of Figure 6, em-
ploying the same primers and reaction conditions for
nptII, gusA, PPV-CP, and CaMV 35S as were used
for producing the hybridization probes. In order to
obtain a similar level of product formation, template
quantities required for C5 and C3 were 50 and 100 ng,
respectively.

Reverse transcriptase (RT)- and immunocapture
(IC)-PCR

RT-PCR was conducted as previously described (Levy
& Hadidi, 1994) using PPV-specific primers to the
3′ non-coding region and using 0.7µg total RNA
per reaction. For immunocapture (IC-RT-PCR), virus
particles were captured in microfuge tubes pre-coated
with a 1:200 dilution of anti-PPV polyclonal antisera
(BIOREBA, Inc., Carrboro, NC) prior to amplifica-
tion.

Isolation of nuclei and nuclear run-on transcription
assays

Protoplasts were isolated from young leaves of
greenhouse-grown plum plants using a modification
of the procedure of Saxena et al. (1985) and veri-
fied using 4′, 6′-diamidino-2 phenylindole (DAPI).
Nuclei were released in buffer, and the production of
labeled nascent nuclear RNAs was based on 1.5 ×
105 nuclei per reaction (Dehio & Schell, 1994; Pang
et al., 1996). Nuclear run-on transcripts from non-
transformed B70146 plum and transgenic C4 and C5
plants were hybridized to a blot of restriction enzyme-
digested actin and PPV-CP cDNA plasmids.
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Results

Transgenic clone C5 is symptomless and PPV ELISA
negative

In order to evaluate the resistance of PPV-CP trans-
genic clones, PPV symptoms and ELISA were evalu-
ated.

In the July of the first test year, approximately
one month post-cold-induced dormancy (CID) (nine
months post-inoculation), PPV symptoms were only
visible on control plants. At 12 months post-CID and
beyond, the majority of the transgenic clones showed
symptoms except those of transgenic clone C5 which
did not show symptoms of PPV at any time during the
course of the study.

Leaves were sampled for ELISA at the time
of symptom evaluation. At one month post-CID
(nine months post-inoculation) all plants of transgenic
clones PT6 and C5 were ELISA negative (Figure 1).
All other transgenic clones were positive for PPV.
Three months later, all clones except C5 were ELISA
positive. Plants of clone C5 remained ELISA negat-
ive while clone PT6 had a low level or no ELISA-
detectable infection throughout the year sampling
period. Periodic ELISA sampling for two additional
years failed to detect PPV in clone C5.

Figure 1. TAS-ELISA evaluation of PPV infection of PPV-CP
transgenic plum clones. A control clone containing the transgene
without the PPV-CP insert (PT23) is included. Plants were subjected
to two, 2-month cold-induced dormancy (CID) periods (indicated
by arrows). Positive ELISA values were at least 2× higher than
negative controls and were visually rated in intensity on a scale
of 1 (least intense) to 4 (most intense). Non-inoculated PPV-CP
transgenic plants did not produce positive ELISA readings.

Figure 2. IC-RT-PCR analysis of transgenic and non-transgenic
plums indicating the presence of PPV infection: lane 1 –
non-inoculated non-transformed control. The remaining lanes are
inoculated: Lane 2 – C5 plant 1; lane 3 – C5 plant 2; lane 4 – C5
plant 3; lane 5 – C3 plant 1; lane 6 – C3 plant 2; lane 7 – C2; lane 8 –
non-transformed control. PPV-specific primers to the 3′ non-coding
region produced a 220 bp product.

Transfer of PPV from ELISA-negative plants to
susceptible controls

Although inoculated C5 plants were negative by
ELISA, IC-RT-PCR assays were conducted to further
evaluate PPV infection in C5. IC-RT-PCR indicated
the presence of PPV in these C5 plants (Figure 2,
lanes 2–4) as well as in inoculated susceptible PPV-
CP transgenic controls (Figure 2, lanes 5–7) and an
untransformed control (lane 8). Further, buds of non-
transformed controls grafted onto C5 plants in July
produced shoots that were PPV ELISA positive and
symptomatic in October, indicating that intact, infec-
tious virus particles had moved from these C5 plants
into the healthy controls that had been grafted onto
them.

PTGS and PPV-CP transgene transcription

To determine if the reduced levels of PPV-CP mRNA
in clone C5 (Scorza et al., 1994) were due to post-
transcriptional regulation of the transgene, nuclear
run-on transcription analysis was performed. Clone
C5 (low levels of PPV-CP mRNA), clone C4 (high
levels of PPV-CP mRNA), and a non-transformed
control were analyzed. Transcription of PPV-CP (Fig-
ure 3, all lanes 2) was compared with the transcription
of actin (Figure 3, all lanes 1). The non-transformed
control produced the actin transcript but not the PPV-
CP transcript, as was expected. The levels of both actin
and PPV-CP transcripts were at similarly high levels
in clones C4 and C5, indicating that the low level of
PPV-CP mRNA that accumulated in C5 was due to
post-transcriptional down-regulation.
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Figure 3. Nuclear run-on assay of non-inoculated PPV-CP trans-
genic clones C4 and C5. Labeled nuclear RNA was extracted from
C4 (susceptible, high level of PPV-CP RNA and CP) and C5 (low
PPV-CP RNA, no detectable CP) (Scorza et al., 1994). NT lane
is non-transformed control clone 70146. Lane 1= 2µg of actin
plasmid digested byXhol (DNA insert, 0.8 kbp). Lane 2= 2µg of
PPV-CP plasmid double digested byBamHl andAsp718 (DNA in-
sert, 1.2 kbp). The positive reaction in the upper band resulted from
partial digestion of the plasmid probes.

PTGS transgene structure in clone C5

In order to investigate the structure of the PPV-CP
insert (Ravelonandro et al., 1992) in clone C5, DNA
was digested with the restriction enzymesEcoRI,
HindIII, andBamHl. DNA blots were hybridized with
the 1.0 kbp fragment from thePPV-CP gene, the
1.1 kbp fragment from thenptII gene, and the 0.8 kbp
fragment from thegusA gene (Figure 4). Assum-
ing a complete border to border T-DNA integration
of the PPV-CP cassette, anEcoRI digestion probed
with either gusA or PPV-CP sequences would re-
veal a 7 kbp fragment (Figure 4). AnEcoRI digest
probed with the PPV-CP sequence would produce
a fragment of at least 3 kbp resulting from a cut
outside of the right border of the insert. This frag-
ment length and number would be variable depending
on the location and number of inserts. ThenptII
probe also would hybridize to this> 3 kbp fragment.
When theEcoRI digestion of C5 DNA was hybridized
with the PPV-CP sequence five fragments were pro-
duced: a 5 and 10 kbp fragment that corresponded to
the predicted> 3 kbp fragment (these two fragments
also hybridized to thenptII probe as predicted), and
the predicted 7 kbp fragment in common withgusA
(Figure 5 lane 1). In addition to these three predicted
fragments, two fragments unique to the PPV-CP probe

were observed at 3 and 1.9 kbp (Figure 5, lane 1).
These last two fragments would not be expected if
complete duplication of the PPV-CP cassette with in-
tact EcoRI sites had occurred. These fragments may
be explained by a separate insertion or a duplication
of thePPV-CPgene insert that is unlinked to thenptII
and gusA gene inserts. Hybridization with thenptII
probe revealed a unique 20 kbp fragment that did not
hybridize with either thegusA or the PPV-CP probe
(Figure 5, lane 2). This fragment may have resulted
from a separate insertion or duplication of thenptII
gene. Hybridization of theEcoRI digest with thegusA
probe showed, in addition to the expected 7 kbp frag-
ment, a smaller than predicted 5 kbp fragment which
could have resulted from a truncation of thegusA gene
(Figure 5, lane 3). Apparent truncation of thegusA
gene at the left border of the insert has previously been
reported using this particular T-DNA vector (Scorza
et al., 1995).

When hybridized with the PPV-CP probe, blots
of HindIII-digested DNA revealed the expected 2 kbp
fragment, andBamHl-digested DNA showed the ex-
pected 1.2 kbp PPV-CP fragment (see map in Fig-
ure 4). However, larger fragments also hybridized with
the PPV-CP probe. One of these larger than expec-
ted fragments following digestion withHindIII can
be seen in Figure 6, lane 1. The large fragments
are possibly the result of restriction site methylation,
mutation, deletion, or rearrangement of the restriction
site.

Transgene methylation in clone C5

In order to evaluate methylation of the transgene insert
in clone C5, DNA was digested with methylation sens-
itive (AluI, BamHI, HindIII, Sau3A) and methylation
insensitive (MboI, HinfI) enzymes. The digests were
split into four subsamples and hybridized with probes
made to thePPV-CP, nptII, gusA genes and to the
CaMV 35S promoter region. The same digests were
also subjected to PCR, following the strategy of Ingel-
brecht et al. (1994), using the primers that were used
to construct the probe sequences. Figure 6 presents the
results from one such experiment using DNA from the
silenced C5 and the non-silenced C3 lines. The DNA
was initially digested withHindIII and then with either
MboI or Sau3A. Evidence of methylation is seen in
the PPV-CP sequence in C5. This is indicated by the
multiple, larger than expected-sized fragments in the
Sau3A digest as compared to theMboI digest when
probed with PPV-CP (Figure 6 PPV-CP, lane 3). No
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Figure 4. Schematic diagram of the structure of the cassette used for plum transformation with PPV-CP, 20% gray indicatesnptII, 60%
gray= PPV-CP, black= gusA. Asterisks indicateMboI, Sau3A isoschizomer restriction sites. Open arrows indicate primer locations for
CaMV 35S promoter, black arrows= primer locations for indicated coding regions. TheBamHI-isolated PPV-CP fragment is 1.2 kbp.

differences were seen in C3 between theMboI and
Sau3A digests (Figure 6 all lanes 5 and 6) nor in the
C5 when hybridized withgusA, nptII or CaMV 35S
sequences (Figure 6, lanes 2 and 3 of the respective
probes). These results indicated specific methylation
of the PPV-CP insert, lack of methylation of thegusA,
nptII and CaMV 35S sequences, and complete diges-
tion of the sampled DNA. The PCR reactions for the
same digests (Figure 6) supported the DNA blotting
indicating that the C5 PPV-CP but not thenptII or the
gusA transgenes were methylated since PCR of the
Sau3A digest using PPV-CP-specific primers gener-
ated product only in clone C5 (Figure 6, PPV-CP lane
3). Additionally, although DNA blotting did not indic-
ate methylation of the CaMV 35S promoter region in
C5, PCR results, which are more sensitive than DNA
blotting, indicated a low level of methylation in C5
(Figure 6, CaMV 35S PCR lane 3).

Methylation of the PPV-CP insert in C5 was fur-
ther investigated by digesting C5 and C3 DNA with
BamH1 and then with the C-methylation sensitive
enzymesAluI, EcoRI, andSau3A, and methylation in-
sensitiveHinfl. Comparison of the C3 and C5 digests
reveals the presence of multiple, larger fragments in
C5 indicating C-residue methylation (Figure 7, lanes
1, 3, 4). Although, unlike methylation sensitiveAluI,

Figure 5. DNA blot analysis of transgenic clone C5 genomic
DNA digested withEcoRI. Lane 1 was hybridized with a 1.0 kbp
PCR-generated PPV-CP fragment; lane 2 – hybridized with a
1.1 kbp PCR-generatednptII fragment; lane 3 – hybridized with a
0.8 kbp PCR-generatedgusA fragment. Solid arrows indicate frag-
ments in common with PPV-CP hybridization, open arrows indicate
unique fragments. Fragment sizes indicated on left were derived
from molecular weight standards.

Sau3A, and EcoRI digestions, the unexpected frag-
ment from theHinfl digestion cannot be explained
by methylation. This unexpected fragment is likely
the result of rearrangement or other aberrations of the
PPV-CP insert in C5 (Figure 7, lane 2).
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Figure 6. DNA blot and PCR analysis of genomic DNA from transgenic clones C5 (silenced) and C3 (non-silenced) demonstrating methylation
status of thePPV-CP, nptII, andgusA genes, and CaMV 35S promoter. Lanes 1–3 are C5. Lanes 4–6 are C3. Lanes 1 and 4 were digested with
HindIII, lanes 2 and 5 withHindIII and MboI. Lanes 3 and 6 were digested withHindIII and Sau3A. Hybridization probes and primer pairs
from left to right: PPV-CP,nptII, gusA, CaMV 35S. Fragment sizes indicated on left were derived from molecular weight standards.

Figure 7. DNA blot analysis of genomic DNA from transgenic
clones C5 and C3 demonstrating methylation of the PPV-CP gene
insert: Lane 1 – double-digestion of C5 withBamHI and AluI;
lane 2 – double-digestion of C5 withBamHI and HinfI; lane
3 – double-digestion of C5 withBamHI and Sau3A; lane 4 –
double-digestion of C5 withBamHI and EcoRI; lanes 5–8 – C3
digested with the same restriction enzymes as in lanes 1–4, respect-
ively. Fragment sizes indicated on left were derived from molecular
weight standards.AluI, BamHI, EcoRI, andSau3A are methylation
sensitive;HinfI is methylation insensitive. Blots were hybridized
with the 1.0 kbp PPV-CP-specific probe.

PPV-CP transgene methylation in C5 progeny

Non-PPV-inoculated progeny of hybridizations bet-
ween clone C5 and susceptible plum lines (Scorza
et al., 1998) were assayed for methylation by hybrid-
izing restriction digests (double digests ofBamHI and
MboI or BamHI andSau3A) of C5 and C3 DNA with

Figure 8. DNA blot analysis of C5 progeny genomic DNA showing
methylation ofPPV-CPgene insert: Lanes 1–8 – double-digestion
with BamHI and MboI (methylation insensitive); lanes 9–16 –
double-digestion withBamHI and Sau3A (methylation sensitive);
lanes 1 and 9, C5 parent. Lanes 2–6 and lanes 10–14 are five seed-
ling progeny of C5; lanes 7 and 15, transgenic clone C3. Lanes 8
and 16 are non-transformed control. Fragment sizes indicated on
left were derived from molecular weight standards.

the PPV-CP probe previously described. These digests
indicated that the PPV-CP insert in C5 progeny was
methylated (Figure 8, lanes 1–5 and 9–13) as it was in
the parental C5 clone (Figure 8, lanes 6 and 14). Clone
C3 did not show evidence of methylation (Figure 8,
lanes 7 and 15).

Previous studies on bud-graft-inoculated plants of
the same progeny indicated that after 11 months
these plants were PPV ELISA negative (Scorza et al.,
1998). In the current study these inoculated plants re-
mained symptomless and ELISA negative for up to 29
months.
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Discussion

Virus resistance in transgenic plants mediated by the
PTGS mechanism has been widely reported in herb-
aceous species. Our study with plum is unique in
demonstrating not only that PTGS occurs in a woody
perennial species but that PTGS confers virus resist-
ance to an economically important woody perennial
fruit crop. Many of the hallmarks of PTGS as de-
scribed in herbaceous species were observed in the
PTGS transgenic plum line C5. These characteristics
included a high level of virus resistance, a high level
of transgene transcription in the nucleus, low levels of
transgene mRNA in the cytoplasm, a complex mul-
ticopy transgene insertion with aberrant copies, and
transgene methylation.

Analysis of methylation indicated that the PPV-CP
transgene is specifically methylated in contrast to the
gusA andnptII transgenes even though multiple cop-
ies of these genes are present. There appears to be a
low level of methylation in at least one of the CaMV
35S promoter regions as detected by PCR. Since one
CaMV 35S promoter drives expression of the methyl-
atedPPV-CPgene, methylation may have spread from
this gene into the promoter. While the PPV-CP insert
is multicopy, aberrant copies of this gene also appear
to be present in clone C5. These copies may be a key
factor in methylation and PTGS (Stam et al., 1997;
Waterhouse et al., 1998; Kohli et al., 1999). The pre-
cise nature of the aberrant fragments is currently under
study.

Grafting experiments indicated that although PPV
was not detectable by ELISA in C5 plants, a low
level of virus was present as detected by IC-RT-PCR.
Low-level virus accumulation in apparently healthy,
silenced transgenic plants has been reported by Guo
et al. (1999). Virus in C5 was transported through the
graft union where it proliferated in non-transformed,
susceptible shoots that had been bud-grafted onto the
inoculated C5 plants. It is important to note how-
ever that the transgenic C5 plants were under intense
and continuous infection pressure not only from the
original inoculum shoots that were growing on these
plants, but also from infected rootstocks onto which
they were grafted. PPV has been shown to move into
the roots of plum trees soon after infection (Adams
& Patterson, 1980), and roots have been shown to
remain highly infected throughout the growing and
dormant seasons (Adams et al., 1998). This presents a
consideration for the use of PTGS in woody perennial
crops. Most woody perennial tree fruits are propagated

through grafting which is a process based on form-
ing direct connections through the vascular system of
rootstock and scion. If PTGS virus-resistant clones
are grafted onto virus-infected rootstocks, the PTGS
scions could carry a low level of virus. In practice, it
might be necessary to use not only PTGS virus res-
istant scions but also PTGS rootstocks. Alternately,
PTGS scion varieties could be grown on their own
roots. In the absence of infection through graft trans-
mission, studies by Malinowski et al. (1998) showing
that C5 plants exposed to natural aphid vectored PPV
have remained virus-free for 2 years (including 2 peri-
ods of natural CID) suggest that this PTGS clone may
be immune to natural aphid-vectored PPV infection.

We have previously shown that the complex multi-
copy transgene insert in PPV-resistant clone C5 was
inherited as a single block of genes and that resist-
ance is correlated with the presence of the transgene
insert in the progeny (Scorza et al., 1998). We show
in the present study that the PPV-CP insert in non-
inoculated progeny was methylated. It is not clear how
early in the development of the seedlings methyla-
tion occurred since assays were performed over one
year following seed germination. PPV resistance in
C5 progeny demonstrates the potential for use of C5
as a parent in breeding virus resistant plum lines and
thereby provides a novel source of germplasm for
breeding new, plum pox resistant plum rootstock and
scion varieties.

Our results show a close relationship between virus
resistance, methylation, and PTGS, confirming the
work of Jones et al. (1999) and others (English et al.,
1996; Sijen et al., 1996). Further, we extend these
findings to woody perennials and show the potential
value of this technology for the development of virus
resistant fruit trees.
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